Product ion yields in post-source decay and time-resolved photodissociation at 193 and 266 nm were measured for some peptide ions with a histidine residue ([HF 6 ϩ ) formed by matrix-assisted laser desorption ionization (MALDI). Compared with similar data for peptide ions without any basic residue reported previously, significant reduction in dissociation efficiency was observed. Internal temperatures (T) of the peptide ions and their dissociation kinetic parameters-the critical energy (E 0 ) and entropy (⌬S ‡ )-were determined by the method reported previously. Slight decreases in E 0 , ⌬S ‡ , and T were responsible for the histidine effect-reduction in dissociation rate constant. Regardless of the presence of the residue, ⌬S ‡ was far more negative than previous quantum chemical results. Based on this, we propose the existence of transition structures in which the nitrogen atoms in the histidine residue or at the N-terminus coordinate to the reaction centers. Reduction in T in the presence of a histidine residue could not be explained based on popular models for ion formation in MALDI, such as the gas-phase proton transfer model. T andem mass spectral information-list of product ions formed from a precursor ion and their relative intensities-is tremendously useful for peptide and protein sequencing [1] . Pioneering studies on the product ion species formed from protonated peptides generated by fast atom bombardment and the mechanistic explanations for their formation were made by Martin and Biemann [2] . Extensive investigations followed [3] [4] [5] , which were made mostly for protonated peptides generated by matrix-assisted laser desorption ionization (MALDI) [6] and electrospray ionization (ESI) [7] . For small model peptide ions, investigations beyond simple mechanistic interpretation have been reported, such as the quantum chemical search for reaction paths [8 -10]. However, there has not been much study on kinetics of peptide ion dissociation [11] .
T andem mass spectral information-list of product ions formed from a precursor ion and their relative intensities-is tremendously useful for peptide and protein sequencing [1] . Pioneering studies on the product ion species formed from protonated peptides generated by fast atom bombardment and the mechanistic explanations for their formation were made by Martin and Biemann [2] . Extensive investigations followed [3] [4] [5] , which were made mostly for protonated peptides generated by matrix-assisted laser desorption ionization (MALDI) [6] and electrospray ionization (ESI) [7] . For small model peptide ions, investigations beyond simple mechanistic interpretation have been reported, such as the quantum chemical search for reaction paths [8 -10] . However, there has not been much study on kinetics of peptide ion dissociation [11] .
Tandem mass spectral patterns for protonated peptides are affected by factors, such as the charge state, the number of arginine residue, and the energy regime [2, 3, 12, 13] . For singly protonated peptides-these will be called peptide ions from now on-without an arginine residue, b and y types (see reference [2] for product ion symbols) are the major product ions regardless of the energy regime. Oxazolone pathways [4, 8 -10] have been proposed to explain their formation, which consist of the migration of the additional proton to an amide nitrogen, rate-determining cleavage of the protonated amide bond via a five-membered ring transition structure, formation of a proton-bound dimer of an oxazolone derivative and a smaller peptide, and its breakup. For peptide ions with an arginine residue, b/y channels (rearrangement) are dominant in the lowenergy regime [3] , such as in low-energy collisionally activated dissociation (CAD) and post-source decay (PSD). In the high-energy regime, such as in highenergy CAD [2] and ultraviolet photodissociation (UV-PD) [12] [13] [14] , however, a new set of homolytic C ␣ -CO cleavage channels become dominant, even though the rearrangement channels still operate.
Statistical theory of mass spectra (Rice-RamspergerKassel-Marcus theory, RRKM) [15] is known to provide an excellent description for the dissociation of small polyatomic ions. There have been some debates on whether RRKM would be valid for dissociation of large biomolecules [16] . Recently, we observed that the UV-PD tandem mass spectral patterns obtained with the side-chain (266 nm) and backbone (193 nm) excitations were similar [13, 17] . This suggests that dissociations occur in a common electronic state, probably the ground state, regardless of the excited state accessed by activation. Steady increase of the dissociation rate with the internal energy (E) was also observed [18] , as dictated by RRKM.
RRKM rate-energy relation, k(E), is essentially determined by two parameters [15] , viz. the critical energy (E 0 ) and entropy (⌬S ‡ ). A systematic method to calculate k(E) for peptide ions is available [19, 20] . Regardless, rigorous RRKM analysis of tandem mass spectral data for peptide ions is a formidable problem because many competing and consecutive reactions participate [21] , requiring more than one set of (E 0 , ⌬S ‡ ) for the kinetic analysis. Assuming that the kinetic properties of b/y channels occurring at different amide bonds are similar, the total rate constant, k tot (E), for peptide ions without an arginine residue may be estimated by calculating k(E) for a typical (average) channel and multiplying the result by the number of amide bonds-the approach taken in our previous study [18] . Kinetic analysis will be more difficult in the presence of an arginine residue, because at least two sets of (E 0 , ⌬S ‡ ) would be needed, one for the rearrangements and the other for the homolytic cleavages. Another factor needed for RRKM analysis is the precursor ion internal energy or its distribution (P(E)). Determination of P(E) for peptide ions generated by MALDI is an outstanding problem itself [22] . In a previous work [18] , we simplified this difficulty by assuming that peptide ions were in internal thermal equilibrium at an effective temperature T [22] . Then, experimental product ion yield data in PSD and UV-PD were compared with the theoretical results estimated by RRKM calculations.
Presence of a basic residue in a peptide ion may affect its dissociation, as observed for ions with an arginine residue. Our previous study [18] was limited to those without any basic residue to avoid complications that might arise due to such a residue. Even though the influence of a basic residue would be the most prominent for arginine, our current methodology can not handle the two channel problem that arises in the arginine case. Kinetic study of peptide ions with a histidine residue will be easier because mostly b and y type product ions are formed regardless of the energy regime. Results from the kinetic study on such peptide ions are presented in this paper.
Experimental
A schematic of the homebuilt MALDI-tandem time-offlight (TOF) mass spectrometer equipped with a PD cell assembly used in this work is shown in Figure 1 . Its details were reported previously [21] . A brief description is as follows.
The instrument consists of a MALDI source with delayed extraction, a first stage TOF analyzer to timeseparate the prompt ions generated by MALDI, an ion gate and a second stage TOF analyzer equipped with a reflectron. 337 nm pulse from a nitrogen laser is used for MALDI with its fluence kept at two times the threshold value. A deflection system [23] installed inside the first stage TOF eliminates PSD product ions generated in this region. A cylindrically focused laser pulse at 266 or 193 nm passes through the first time focus in synchronization with the lowest m/z isotopomer of a peptide ion. MCP detector output is treated as described previously [24] and averaged over 30,000 shots. Finally, the laser-off spectrum (PSD) is subtracted from the laser-on spectrum to obtain the laser-induced change or the PD spectrum.
The PD cell installed for time-resolved study consists of four grid electrodes (E1-E4). E1 and E4 are grounded while E2 and E3 are floated at the same potential. The center of the cell coincides with the PD laser irradiation spot. Each product ion peak (m 2 ϩ ) in a voltage-off PD spectrum splits into several components when high voltage is applied to the cell-the ones due to its formation from the precursor ion (m 1 ϩ ) inside (in-cell component, I) and outside (post-cell component, P) the cell, and the consecutive components (m 1 ϩ ¡ m i ϩ ¡ m 2 ϩ , C) with the first step occurring inside the cell and the second step outside. I and C are due to dissociation of m 1 ϩ within around 0.1 sec after photoexcitation while P is due to dissociation occurring on the time scale of 0.2-5 sec. The method to calibrate the detector gain for various types of ions was reported previously [18] .
Sample Preparation
The peptide samples HF 6 , F 3 HF 3 , and F 6 H with 90% purity were purchased from Peptron (Daejeon, Korea). The matrices, 2,5-dihydroxybenzoic acid (DHB), sinapinic acid (SA), and ␣-cyano-4-hydroxycinnamic acid (CHCA), and other chemicals were purchased from Sigma (St. Louis, MO). A matrix solution was prepared daily using acetonitrile and 0.1% trifluoroacetic acid and was mixed with a peptide solution in dimethylsulfoxide. The final peptide concentrations prepared for PD experiments were 50 pmol/L. One L of the solution was loaded on the sample plate. 
Computational
Details of the method to analyze PSD and PD data were explained previously [18] . A brief account is as follows. k(E) and the internal energy distribution (P 0 (E)) at specified values of E 0 , ⌬S ‡ , and T were calculated by the method reported previously [19, 20] . k tot (E) and P 0 (E) calculated for [HF 6 ϩ H]
ϩ with E 0 ϭ 0.55 eV, ⌬S ‡ ϭ Ϫ35.2 eu (1 eu ϭ 4.184 J K Ϫ1 mol Ϫ1 ), and T ϭ 369 K are shown in Figure 2 . Due to the dissociation of precursor ions, their internal energy distribution, P t (E), at any time t after their formation becomes as follows.
Arrival times of the precursor ion at some important locations are marked in Figure 1 . Two different time zeroes are used, MALDI laser pulsing time for PSD (t 1 -t 4 ) and PD laser pulsing time for voltage-on PD (t 1 V -t 3 V ). P t (E)s at t 1 -t 4 are marked as P 1 -P 4 in Figure 2b . Shifting P t (E) at the center of the cell by the amount of photon energy, the energy distribution upon photoex- Figure  2b . The areas under P i and P i V* are called A i and A i V* , respectively. P 0 (E) is normalized (A 0 ϭ 1), while others are not.
From a PSD spectrum, we measure the ⌺[product ion]/[precursor ion] ratio (YPSD) and use the following inequalities [18] to relate it with the areas calculated above.
From a voltage-on PD spectrum, we measure the total intensity of product ions formed outside (⌺[P]) and inside (⌺[I] ϩ ⌺[C]) the cell and relate their ratio (CPD),
, with the calculated areas using the following inequalities [18] .
Actual analysis was done as follows. k tot (E) and P 0 (E) were calculated with more than ten million sets of (E 0 , ⌬S ‡ , T), E 0 at 0.005 eV interval, ⌬S ‡ at 0.1 eu interval, and T at 10 K interval, from which A i and A i V* were evaluated. Then, the sets simultaneously satisfying eq 2 for YPSD data and eq 3 for 193 and 266 nm CPD data were selected. To further narrow the sets, those compatible with the data acquired for the precursor ions formed by different matrices were selected.
Results
Measurement of YPSD and CPD can be affected by MALDI laser fluence. Hence, it is needed to control the fluence for reproducible results. For each matrix used, we measured the threshold fluence for MALDI and used twice as much fluence in actual measurements. To assure one-photon absorption in PD, we adjusted the PD laser intensity to 5% photodepletion of a precursor ion signal. Then, PD spectral patterns did not change with the intensity. We estimate [14] that 1% of the total dissociation arises from multi-photon absorption under this condition.
PSD
PSD spectrum of [HF 6 ϩ H] ϩ -the first and second H indicate the histidine residue and the additional proton, respectively-generated by CHCA-MALDI is shown in Figure 3a . The spectrum was normalized to the precursor ion intensity. The spectra for the same ion generated by DHB-and SA-MALDI are not shown because the spectral patterns are similar regardless of the matrix used. The relative intensities of the product ions were in the order DHB Ͻ SA Ͻ CHCA, in agreement with the general perception [25] that DHB, SA, and CHCA are "cold," "intermediate," and "hot" matrices, respectively, in peptide MALDI. b n (n ϭ 2-6) Ions were the major product ions. In addition, a n (n ϭ 2, 4 -6), y n (n ϭ 2, 3, 5), and the internal ions F n (n ϭ 2-4) appeared weakly. Important is the fact that all of these product ions can be formed via a set of similar channels, viz. oxazolone pathways, the requirement for the one-channel treatment. Dominance of b n can also be explained based on the oxazolone mechanism-presence of a basic histidine residue at the N-terminus favors b n (proton retention by oxazolone derivatives) rather than y n (proton retention by smaller peptides). In Table 1 formed by CHCA-MALDI are also shown in Figure 3 . b n (n ϭ 2-6), a n (n ϭ 2, 4 -6), and y n (n ϭ 1-6) are major product ions in PSD of [F 6 H ϩ H] ϩ . For the y n /b n pairs formed by cleavage of each amide bond, dominance of y n containing the basic histidine residue is not as overwhelming as for b n in PSD of [HF 6 ϩ H] ϩ . For example, y 1 , y 2 , y 3 , and y 4 are comparable to b 6 , b 5 , b 4 , and b 3 , respectively. That is, the histidine residue at the C-terminus is not as influential as the same residue at the N-terminus in determining which moiety in a proton-bound dimer would retain the additional proton. b n (n ϭ 2-6), a n (n ϭ 4 -6), and y n (n ϭ 3-5) are major product ions in PSD (Figure c) Figure 4 . PD spectra obtained at 266 nm or those obtained with CHCA-MALDI are similar to those in Figure 4 and hence are not shown. Major product ions appearing in PD spectra are essentially the same as those in PSD spectra, such as b n (n ϭ 2-5), a n (n ϭ 2-5), y n (n ϭ 2, 3), and F n (n ϭ 1-3) from [HF 6 ϩ H] ϩ . The main difference between PSD and PD spectra is that large product ions are either absent or weaker in the latter spectra. This does not necessarily mean that these ions are not formed at all or are formed weakly by PD. Rather, large product ions formed by PD may have further dissociated to smaller product ions, as found in our previous time-resolved, viz. voltage-on, PD studies [17, 21] .
One hundred ninety-three nm PD spectrum of [HF 6 ϩ H] ϩ recorded with 3 kV applied to the cell is shown in Figure 5 . As mentioned previously, each product ion peak in a voltage-off PD spectrum splits into post-cell (P), in-cell (I), and consecutive (C) components when high voltage is applied to the cell. We also mentioned that not only the dissociations resulting in I but also the first-step dissociations for C occur inside the cell, while those resulting in P occur outside. P components can be easily identified [21] , as marked in the expanded spectra shown in the figure. An instrument-based method to identify I and the intermediate ion (m i ϩ ) contributing to each C has been developed recently [26] ϩ generated by CHCA-MALDI. Product ion peak heights are normalized to that of the precursor ion in each spectrum. For DHB-and SA-MALDI, spectral patterns are similar, while relative intensities are in the order DHB Ͻ SA Ͻ CHCA. dence of k tot on E means that PD of peptide ions occur via tight transition states with small ⌬S ‡ and that the presence of a histidine residue further lowers ⌬S ‡ .
Kinetic Analysis
There is a possibility that less efficient dissociation in the presence of a histidine residue, which will be called the histidine effect, may just reflect the difference in vibrational frequencies and mass between the ions investigated. To check this, we calculated k tot (E) functions for [HF 6 ϩ H] ϩ and [Y 6 ϩ H] ϩ , using the same kinetic parameters and found that they were essentially the same, i.e., the effect is genuine. Kinetic analysis was carried out as described in the computational section. It is to be mentioned that there was an error in the software used in the previous work. Hence, the data for [Y 6 ϩ H] ϩ and [F 5 ϩ H] ϩ have been retreated in this work, even though the final results were rather similar to those reported previously [18] . E 0 and ⌬S ‡ thus determined for [HF 6 ϩ H] ϩ are 0.55 Ϯ 0.07 eV and Ϫ35.2 Ϯ 6.2 eu, respectively, which, in turn, determine k tot (E) as shown in Figure 2 , and T, for two groups of peptide ions, viz. those with and without a histidine residue, are similar, especially when large errors quoted in the table are taken into account-errors were estimated at the 95% confidence limit. However, the data in Table 2 , taken together, show that E 0 , ⌬S ‡ , and T decrease in the presence of a histidine residue.
Discussion
According to quantum chemical calculations [8, 27] , E 0 and ⌬S ‡ for the dissociation of [G 3 ϩ H] ϩ to b 2 were 1.14 eV and Ϫ0.86 eu, respectively. Both of these are much larger than those (E 0 around 0.54 eV and ⌬S ‡ around Ϫ36 eu) determined here. As long as we adhered to the assumptions adopted in this work, we could not fit PSD and PD yield data with E 0 and ⌬S ‡ values close to the theoretical ones. It is difficult to pinpoint the exact cause for the discrepancy between the theoretical and experimental E 0 and ⌬S ‡ values. Even though the validity of 6 ϩ H] ϩ formed by CHCA-MALDI. In-cell, post-cell, and consecutive components are marked as I, P, and C, respectively. I ϩ C is larger than P in (a), while smaller than P in (b). RRKM adopted in this work cannot be tested rigorously, the overall patterns of the spectral data acquired seem to be compatible with this. We also assumed internal thermal equilibrium for ions generated by MALDI, another aspect that has not been confirmed experimentally. Inherent inaccuracy of quantum chemical calculations, especially for the transition structures in the reactions of very large molecules, can be another cause for the discrepancy.
In the previous study, we proposed that much smaller E 0 and ⌬S ‡ values than theoretical ones might be an indication for intramolecular interactions in the transition structures. Further lowering of ⌬S ‡ in the presence of a histidine residue observed in this work is another indication for such interactions. In particular, the basic nature of histidine suggests that the interactions may involve the additional proton. That is, one of the nitrogen atoms in this residue, or the nitrogen atom at the N-terminus in the absence of this residue, may coordinate to the additional proton attached to the five-membered ring, resulting in a macrocyclic transition structure with low entropy. This is in contrast with the original oxazolone pathway in which the additional proton initially attached to the nitrogen atom at the N-terminus is thought to completely migrate to an amide nitrogen. Both the original oxazolone pathway and the present modified version may exist for large peptide ions. Based on highly negative ⌬S ‡ found in the kinetic studies, we propose that the latter path is the minimum energy path (MEP).
According to the laser-induced desorption study of molecular ions embedded in a matrix by Vertes et al. [28] , the matrix plume temperature is in the order DHB Ͼ SA Ͼ CHCA. However, there have been many claims [22, 25] that the internal temperature order for peptide ions formed by MALDI is the opposite. Results from our kinetic studies are in the order DHB Ͻ SA Ͻ CHCA for peptide ions with and without a histidine residue.
Two mechanisms are frequently mentioned for ion formation [22] in MALDI, ion formations in the condensed phase (preformed ion model) and in the gas phase via proton transfer (gas-phase proton transfer model). In the more popular gas-phase proton transfer model, T of a peptide ion would be affected not only by the plume temperature but also by ⌬H in proton transfer reactions. Then, use of a matrix with larger proton affinity (PA) might result in lower T. However, the DHB Ͻ SA Ͻ CHCA order found in the experiments is in disagreement with a recent compilation of matrix PA data [22] . Experimental data also show that for each matrix used, peptide ions with a histidine residue have lower internal temperature than those without. This is unexpected because the presence of a basic histidine residue would lower ⌬H in proton transfer and hence increase T. A simple-minded speculation based on the preformed ion model suggests that T of a peptide ion is the same as the plume temperature and hence is unaffected by the presence of a histidine residue, again in disagreement with the experimental results. At the moment, we do not have any explanation for the internal temperature order observed in this work.
Conclusion
Internal temperature (T) of peptide ions with a histidine residue and their dissociation kinetic parameters (E 0 and ⌬S ‡ ) have been determined by using the kinetic method developed previously. E 0 , ⌬S ‡ , and T have been found to be a little lower than those for peptide ions without any basic residue. In both cases, ⌬S ‡ was much lower than found in quantum chemical reaction path search for small model systems. For large peptide ions, we propose that a basic nitrogen atom, either at the histidine residue or at the N-terminus, coordinates to the additional proton attached to the reaction center in the transition structure. This is in contrast with the conventional view known as the mobile proton model that postulates complete detachment of the additional proton from the above basic sites.
Against our expectation based on popular models for ion formation in MALDI, presence of a histidine residue was found to lower T of peptide ions. More accurate measurements of proton affinities of peptides and matrices, and matrix plume temperatures, are needed to better understand ion formation processes in MALDI.
